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le
Sea-urchin sperm flagella in a state of rigor were
reactivated by rapid photolysis of caged ATP. After a time
lag of 11–17 ms, all bends in the axonemes present during
rigor began to be propagated towards the tip as if their
propagation had not been interrupted. This result suggests
that the site-specific activity of dyneins along the length of
the axoneme is preserved even during rigor states when
ATP is absent and that regulation of the activity can be
restarted immediately with a new cycle of ATP turnover.
During the starting transient, pre-existing rigor waves in
the distal region were propagated without a change in the
maximal shear angle until they disappeared at the tip. This

was more evident when the rapid reactivation was
triggered in high-viscosity solution, in which only the form
of new bends was greatly affected by viscous load. After
reactivation, the velocity of microtubule sliding increased
and reached a plateau within 28 ms. This time course
reflects the rate of force generation by dynein in situ.

Key words: sea-urchin, spermatozoon, flagellum, motility, dynein
caged ATP, axoneme, bend initiation, bend propagation, microtubu
sliding, presteady-state kinetics, viscous load, Anthocidaris
crassispina.

Summary
e
ail.
e

in
of

for
s

n
nd
n
id

 in
ed
e

e

Bending in eukaryotic flagella results from active slidin
between axonemal microtubules caused by the force exe
during ATP hydrolysis by dynein (Gibbons and Rowe, 196
Satir, 1968; Summers and Gibbons, 1971; Shingyoji et al.
1977; Brokaw, 1989). However, the mechanism regulati
bend initiation and propagation is not clearly understood.
flagella with planar bends, regular alternation of active slidi
is thought to occur between the two halves of the axone
accompanied by a passive retrograde sliding on the oppo
side of the axoneme, since active sliding by dynein arms occ
in one direction only (Sale and Satir, 1977).

To investigate chemo-mechanical coupling during flagel
motility, it is necessary to understand how the local activity 
ATPase and the sliding of microtubules are regulated in 
axoneme. Studies have established that the relations
between the beat frequency of reactivated flagella and A
concentration shows a good fit to the Michaelis–Ment
equation and that an estimated average of 1–2 ATP molec
are hydrolyzed per dynein arm during a single beat cy
(Brokaw and Benedict, 1968; Gibbons and Gibbons, 197
However, the exact region of active sliding within beatin
flagella has yet to be identified, and it is not clear whi
intermediate state during ATPase activity is involved in for
generation by dynein.

To examine these problems more closely, tritonat
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axonemes with rigor waves (Gibbons and Gibbons, 1974a)
were reactivated by rapid photolysis of caged ATP, and th
subsequent changes in the waveforms were analyzed in det
Such experiments are expected to provide insight into th
chemo-mechanical coupling of dynein arms, since all dyne
arms in ATP-depleted medium are thought to be in a state 
rigor (Gibbons and Gibbons, 1974b) and capable of
reactivation in a synchronized manner.

Several investigators have described such experiments, 
example, by the rapid local application of ATP to axoneme
in rigor using an iontophoretic technique (Shingyoji et al.
1977) or by homogeneous application of ATP by perfusio
(Goldstein, 1979). In the present study, a synchronous a
homogeneous application of ATP to the whole length of a
axoneme in rigor was achieved using the technique of rap
photolysis of caged ATP (Kaplan et al.1978; McCray et al.
1980; Goldman et al. 1982; Woolley and Bozkurt, 1995).
Once reactivated, the starting transient of angular changes
rigor bends was analyzed in detail. This method also enabl
us to estimate the time course of the increase in th
concentration of active dynein molecules in situ, which is
important for an understanding of the presteady-stat
kinetics and chemo-mechanical coupling of dyneins
(Johnson, 1985).
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T. TANI AND S. KAMIMURA
Materials and methods
Preparation of demembranated sperm flagella

Spermatozoa from the sea-urchin Anthocidaris crassispina
were demembranated as described by Gibbons et al.(1982), with
some modifications. Dry spermatozoa taken from the isola
gonad of the sea-urchin were suspended in 10 volumes of filt
natural sea water. The suspension was mixed with 10 volu
of extracting solution containing 0.04% (w/v) Triton X-100
0.2mol l−1 potassium acetate, 2mmol l−1 MgCl2, 0.5mmol l−1

EGTA, 0.1mmol l−1 EDTA, 2mmol l−1 dithiothreitol (DTT) and
10mmol l−1 Tris–HCl (pH8.0). The mixture was gently swirle
for 30–60s at room temperature (25°C). After extraction, 
suspension of demembranated sperm axonemes was introd
into a flow chamber constructed by placing a coverslip trea
with dimethyldichlorosilane (Wako Pure Chemical, Osak
Japan) onto a trough made from two pieces of Scotch t
(50µm thick) glued in parallel 5mm apart on a glass sli
(76mm×26mm×0.9mm). Reactivation solution containin
0.2mol l−1 potassium acetate, 2mmol l−1 MgCl2, 0.5mmol l−1

EGTA, 0.1mmol l−1 EDTA, 4mmol l−1 DTT, 20mmol l−1

Hepes–KOH (pH8.0) and 0.2% (w/v) bovine serum album
(BSA, A-0281, Sigma Chemical Co., St Louis, USA) witho
ATP was perfused through the chamber several times to w
out the extracting solution. The concentration of BSA in t
reactivation solution was adjusted so that only the head re
of the spermatozoon was loosely attached to the glass sur
The reactivation solution containing caged ATP (lot CL00
Dojindo, Kumamoto, Japan) and 0.4mgml−1 apyrase (grade
VII, Sigma Chemical Co., St Louis, USA) was then introduc
into the chamber. Apyrase was used to remove contamina
ATP and/or ADP from caged ATP.

In addition to apyrase, 0.25 i.u.µl−1 hexokinase (Grade I,
Oriental Yeast Co., Osaka, Japan) and 0.1 mmol l−1 glucose
were added as an ATP-scavenger system to induce rigor-w
Opt
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Fig. 1. A schematic diagram of the experimental
system. All optical components are aligned on an
optical bench. Vertically synchronizing pulses (V-sync
pulse, 60 Hz) and horizontally synchronizing pulses
(H-sync pulse, 15 750 Hz) from the CCD camera are
introduced into a pulse controller to generate pulses
which control the rotation of the optical chopper and
the opening of the electromagnetic shutter,
respectively. See text for further details.
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axonemes in a high-viscosity solution, since the abru
removal of ATP was not possible by perfusion.

Experimental system

All the optical components of the microscope were aligne
horizontally on an optical bench (Visolator, Meiritsu Seiki
Yokohama, Japan) (Fig. 1). A 100 W mercury arc lamp (UI
100, Ushio Electric Inc., Tokyo, Japan) was used as a
ultraviolet source for the photolysis of caged ATP. Th
electromagnetic shutter (model no. 0, Copal, Tokyo, Japan) a
filters (U-330 and UV-300, HOYA Optics, Tokyo, Japan) were
placed between the arc lamp and a dichroic mirror (Asa
Spectra Co., Tokyo, Japan). The axonemes were irradiated w
ultraviolet light under Koehler illumination conditions through
the objective lens (D-Apo UV 100×, Olympus, Tokyo, Japan).
The irradiated area was approximately 150µm in diameter. The
electromagnetic shutter was open for 10 ms. The percentage
photolysed caged ATP present in the solution after on
ultraviolet pulse was estimated from the beat frequency 
reactivated flagellar axonemes to be approximately 40 %
Flagellar axonemes were observed under dark-fie
illumination. The light source for the dark-field illumination
was a 50 W tungsten–halogen lamp (from Optiphot-2, Nikon
Tokyo, Japan). To reduce ultraviolet light from the
tungsten–halogen lamp, sharp cut-off filters (SC 50, Fuji Pho
Film Corp., Tokyo, Japan) were placed in the light path betwe
the lamp and an oil-immersion dark-field condenser (DC
Olympus, Tokyo, Japan). The movement of flagellar axonem
was recorded with a CCD camera (XC-73, Sony, Tokyo
Japan). An optical chopper driven by a stepping motor (PH 5
NA, Oriental Motor Corp., Tokyo, Japan) was put at th
Lamsden disc of the eyepiece to record multiple image
superimposed in each CCD image field. The rotation speed
the motor was controlled by horizontally synchronizing pulse
Dichroic
mirror

Mercury
arc lamp

Pulse
controller

H-sync pulse

V-sync pulse

ical
per

a

Dark field
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from the CCD camera so that the chopping rate w
synchronized with the video rate. A chopping rate of up 
600 Hz was used (1–10 superimposed images per each fi
The opening of the electromagnetic shutter for the photoly
of caged ATP was triggered by a vertically synchronizing pu
from the CCD camera. The opening time of the electromagn
shutter was always adjusted to coincide with the appearanc
the first image superimposed in the video field. Multip
superimposed images of flagella were recorded on Hi-8 vi
tapes using a video cassette recorder (EV-S1500 NTSC, S
Tokyo, Japan). During experiments, only spermatozoa wh
beating plane was perpendicular to the optical axis were u
for further analyses. All experiments were carried out at ro
temperature (25 °C).

Estimation of photo-released ATP concentration in the
reactivation solution

The time course of ATP release from caged ATP was infer
from the rate of change of the characteristic transmission
406nm light (McCray et al.1980), which was monitored using
the same optical system and a photodiode (S 1557, Hamam
Photonics Co., Hamamatsu, Japan). The first 10ms 
transmission could not be recorded because of the ex
ultraviolet used for photolysis and was, therefore, calculated
the temporal summation of the transmission change recor
with 1ms ultraviolet pulses. Upon ultraviolet pulse applicatio
transmission suddenly decreased and then increa
exponentially with a rate constant of 35.6s−1 at 25°C. The ATP
concentration curve after a 10ms ultraviolet pulse was estima
as follows. The 10ms duration of the ultraviolet pulse w
divided into a number (n) of short durations, ∆t. The fraction of
total photoreleased ATP at timet is given by the summation of
[1−e−35.6(t−i∆t)] for an integer i from 0 to 10, where i∆t<t and
time 0 was taken as the time of starting the photolysis. The v
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Fig. 2. Estimated photoreleased ATP concentration after 
ultraviolet pulse. The rate constant was measured by the metho
McCray et al. (1980), with some modifications. The transmission 
light at 406 nm was measured after a 1 ms pulse of ultraviolet li
for photolysis of 50 mmol l−1 caged ATP. See text for further details
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was calculated when ∆t=1ms and n=10. The maximal
concentration of photoreleased ATP was estimated from the b
frequency of reactivated spermatozoa. The change in A
concentration in the reactivation solution was estimated, 
shown in Fig. 2, from the measured time course of transmiss
change at 406nm. The ATP concentration was expected
exceed a threshold level for the reactivation of motility within
few milliseconds and reached 90% of the maximal level 
100ms when 2mmol l−1 caged ATP was used.

Data analysis

Recorded video images were fed into a personal compu
(Power Macintosh 7600/120, Apple Computer Inc.) field b
field for further analyses. In the digitized image, 10 pixe
corresponded to 0.9µm. The axes of the flagellar images an
those of sperm heads were manually traced using the draw
software Canvas (ver. 2.1, Deneva Software). The trac
images were then enlarged 2–3 times and transformed in
series of plots on an x–y plane using image-processing softwar
(NIH Image, ver. 1.6/ppc). The x–y position of each divided
segment of the axoneme (0.1–0.2µm in length) was then
determined from the base of the tail to its tip along the axonem
The shear angle, the angle between the flagellar shaft and
axis of the sperm head, was then calculated from the x–y data
for each segment. The accuracy of these procedures 
checked using standard images of circles with curvatu
the
d of
of
ght
.

Fig. 3. Multiple superimposed dark-field images of demembranated
sea-urchin sperm flagellar axonemes. (A,B) Flagella before and after
the application of ATP by the rapid photolysis of 2 mmol l−1 caged
ATP. (C) Flagellum showing continuous beating. Exposure
frequency was 180 s−1, so that three images of flagella are
superimposed onto each video field. Three successive fields are
aligned from the top. For A and B, the first field shows rigor waves.
The ultraviolet pulse was synchronized with the first image in the
second field. Because of the time lag, reactivation was started from
the first image in the third field. Scale bars, 10µm.
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T. TANI AND S. KAMIMURA
similar to those of flagellar bends. The error in determini
shear angles was shown to be within ±0.08 rad. A series of s
angles was plotted against position along the axoneme. F
these plots, designated as shear-curve plots, the peak-to-
amplitudes between the maximal shear angles on both side
a bend were measured as bend angles. The velocity of in
doublet sliding of each axonemal segment along the flagel
was determined as [A(t1)−A(t2)]/(t1−t2), where A(t1) and A(t2)
are the shear angles of each segment at time t1 and t2,
respectively. The time difference between t1 and t2 was 5.6 ms.
The rigor bends were classified as principal or reverse bend
the basis of the asymmetric distribution of the shear angle
the bends after reactivation with reference to the head axis

Results
Rapid reactivation of rigor-wave axonemes induced by th

photolysis of caged ATP

Using caged ATP, a suprathreshold ATP concentrat
could be applied uniformly to demembranated spe
axonemes in rigor within a few milliseconds, as shown 
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Fig. 4. Shear-curve transients after the rapid
reactivation of sea-urchin sperm flagella.
(A,B) Shear-curve plots obtained from
flagellar waveforms before and after the
application of ATP. (C) Plots obtained from
flagellar waveforms of continuous beating.
Since the exact angular direction at the base
was obscured by excess light scatter from the
head, the origin of the abscissa does not
represent the first basal segment of the
axoneme. In A and B, the curves obtained
from the rigor waveform are shown as thick
lines, which correspond to the thick lines
shown on the spermatozoon on the right.
Flagellar shear curves (left) and traces of
waveforms (right) at 17, 22 and 28 ms after
the initiation of ultraviolet pulses are shown
as thin lines. In C, a series of flagellar shear
curves is shown at intervals of 5.5 ms. The
thick curves correspond to the thick lines
shown on the traces on the right. See text for
further details. Arrows mark maximal shear
angles between developed (filled arrows) and
undeveloped (open arrows) bends.
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Fig. 2. Under the experimental conditions used, on
reactivated by photolysis, axonemes continued steady-st
beating for more than 1 min. After washing out ATP b
perfusion, axonemes ceased beating, and the wavefo
became frozen in a rigor state as described by Gibbons 
Gibbons (1974a). These rigor waveforms remained unchange
for at least 30 min in the presence of caged ATP. Su
reactivation and re-inactivation experiments could be repea
using a single demembranated spermatozoon. Fig. 3A,B sho
dark-field images of flagellar axonemes before and after t
application of ultraviolet pulses in reactivation solution
containing 2 mmol l−1 caged ATP. Two typical cases where
beating started from the principal bend (Fig. 3A) and from th
reverse bend (Fig. 3B) at the basal region are show
Irrespective of the phase in the rigor wave, all the rigor ben
in the axonemes were observed to propagate in almost the s
manner upon reactivation. The repropagation of ben
occurred after a time lag of 11–17 ms, but a longer del
(approximately 22 ms) was always observed in the initiation 
new bends at the basal region. No backward bend propaga
was observed. Thus, after the rapid application of ATP, rigo
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Fig. 5. Shear-curve transients obtained
from a completely straightened
flagellum (A) and a partially
straightened flagellum (B) after rapid
reactivation. The curves for rigor
axonemes are expressed as thick lines,
which correspond to the thick lines
shown on the traces on the right.
Flagellar shear curves (left) and traces of
waveforms (right) at 17, 22, 28, 33, 39
and 44 ms (for A and B) and also at 50
and 56 ms (for A) after the start of
ultraviolet pulses are presented as thin
lines. The asterisk marks the maximum
shear angle of the proximal reverse
bend. See text for an explanation of the
arrows.
wave axonemes began to beat as if they had been beatin
steady state (Fig. 3C) without any pause.

Local angular change along the rigor-wave axonemes durin
the starting transients

For further detailed analyses, the transient of reactivat
was examined using a shear-curve plot (Gibbons, 1982). 
shear curve represents the degree of local sliding between
doublet microtubules when the bases of the axonem
microtubules are fixed if there is no significant compression
extensibility of the microtubules and if axonemal twist 
negligible.

Shear-curve plots of four successive dark-field images ta
during the starting transient (which correspond to the data
Fig. 3A,B, respectively) and the traces of superimpos
waveforms are shown in Fig. 4A,B. After a time lag o
11–17 ms, the shear angles of almost all regions along 
axoneme began to change. A longer time lag was observe
the proximal region, as shown by the shorter distance betw
the first two plots within 5 m of the basal region in Fig. 4A,
(lines 1 and 2). Peak positions of shear angle (indicated
filled arrows) were propagated towards the tip directio
concomitantly with the initiation of local angular changes.

There are two types of bend along the axonem
undeveloped bends and developed bends (Goldstein, 1976
continuously beating sea-urchin sperm flagella, the amplitu
of the shear angle (bend angle) gradually increases during
propagation of waves within approximately 10µm of the base,
and bends within this phase will be termed ‘undevelop
g in
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bends’. After the bend angle has fully increased, the bend
propagated towards the tip with its bend angle almo
unchanged, and bends in this phase will be termed ‘develo
bends’.

After rapid reactivation, the maximal shear angle betwe
undeveloped bends in the rigor wave (indicated by open arro
in Fig. 4) began to increase. In contrast, those between 
distal developed bends (indicated by filled arrows in Fig.
remained unchanged or even decreased during propaga
These characteristics of changes in the maximal shear ang
the starting transients were essentially the same as those
continuous beating (Fig. 4C).

Starting transients from straightened rigor axonemes

When the rigor-wave axonemes were immersed in a solut
of ATP at a subthreshold concentration, the axonem
straightened. When the straightened rigor axonemes w
reactivated in reactivation solution containing 2 mmol l−1 caged
ATP, rather slower and quite different starting transients we
observed compared with those of rigor-wave axonemes. J
after the ultraviolet pulse application, a large principal bend
the distal region and a small reverse bend in the proximal reg
were formed prior to bend propagation (Fig. 5A). The she
angle in the proximal region gradually increased (indicated 
arrows) concomitantly with the increasing shear angle in t
opposite direction at the distal region. The peak position 
proximal shear angle was not propagated towards the tip u
the maximal shear angle in the opposite direction was fu
developed at the base (asterisk in Fig. 5A).
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Fig. 6. The increase in the rate of angular change after ra
reactivation. (A) The rate of angular change (shear) plotted aga
the position along the axoneme. The first recording after rapid A
application is shown as a thick line and the following thr
recordings are shown as thin lines. Filled arrows indicate 
positions of the maximal rates on both the reverse and principal s
of the bend. (B) The rate of angular change (shear) along 
axoneme during steady-state beating. The maximum shear ra
both the upward (principal side) and the downward (reverse s
direction were almost constant along the axoneme in any phas
the beating cycle, except in the regions within approximately 5µm of
the end of the base and tip. (C) The maximal rate of angular ch
(shear) measured in a 5–35µm region of the axoneme plotted again
time after the start of the ultraviolet pulse (duration 10 ms). D
from 2 mmol l−1 caged ATP (s; N=3) and 200µmol l−1 caged ATP
(u; N=3) are shown. Values are means and standard deviations.
We also examined starting transients of reactivation fro
partially straightened rigor-wave axonemes, which contain
rigor bends with a small bend angle of less than 1 rad (compa
m
ed
red

with a bend angle of up to 2.5 rad during continuous beating
Fig. 4C). As shown in the traces in Fig. 5B, rapid repropagatio
of bends was started while the elongated waveforms we
maintained. Although the bend angles and maximal she
angles at the pre-existing distal bends were small (indicated
an open arrow in Fig. 5B), bends were propagated towards 
tip with no increase in the bend angle and maximal shear an
(indicated by filled arrows in Fig. 5B).

Time course of the increase in the rate of tubule sliding afte
the photolysis of caged ATP

The time course of the increase in the rate of tubule slidi
after the photolysis of 2 mmol l−1 caged ATP was estimated
from the rate of change in shear angle. As shown in Fig. 6
the maximal rate of shear gradually increased as the wave w
propagated towards the tip (filled arrows). In steady-sta
beating, in comparison, the maximal rate of shear was alm
constant at any site along the axoneme (Fig. 6B, indicated 
filled arrows) except at the base, where the bend was be
developed, and at the tip, where the maximal shear angle w
somewhat larger than in other regions. From these data, ti
courses of the increase in the maximal shear rate (except
the region within 5µm of the base and tip of the axoneme) wer
plotted (Fig. 6C). The shear rate began to increase after a ti
lag of 11–17 ms after the ultraviolet pulse and reached a plate
value (approximately 220 rad s−1) within 28 ms. The plateau
value corresponds to a maximal velocity of tubule sliding o
approximately 11µm s−1, providing that the sliding distance is
given by ϕd, where ϕ is the local shear angle and d
(approximately 50 nm) is the spacing between the pair 
tubules projected onto the beat plane. Beat frequency w
approximately 30 Hz when the shear rate reached the plat
value. Given the time course of ATP release after photolys
(Fig. 2), ATP release from caged ATP was unlikely to have
major rate-limiting effect on the time lag we observed.

When reactivation solution containing 200µmol l−1 caged
ATP was used, rather slower starting transients were observ
The rigor waves were repropagated 17–22 ms after t
ultraviolet pulse. The maximal rate of angular change with
an axoneme increased to reach a plateau level of approxima
70 rad s−1 (estimated sliding velocity 3.5µm s−1) within 33 ms.

Effects of external viscous load on bend initiation and bend
propagation after rapid reactivation

External viscous load is known to affect the waveforms o
beating axonemes by altering the maximal shear angle a
curvature (Brokaw, 1966, 1996). In the present paper, w
examined the effects of external viscous load on the rap
reactivation of rigor axonemes by adding 2 %
methylcellulose (M-0387, Sigma Chemical Co., 1500 mPa
at 25 °C) to the reactivation solution containing 2 mmol l−1

caged ATP. In Fig. 7A,B, typical starting transients o
rapidly reactivated axonemes in high-viscosity solution a
shown. As expected, the rigor waves formed under hig
viscosity conditions were similar to those formed in th
normal reactivation solution at lower viscosity since th
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Fig. 7. Starting transients after
reactivation by photolysis of
caged ATP under high-viscosity
condition (1500 mPa s at 25 °C).
Examples of the starting
transient when the sperm heads
were firmly attached to the glass
surface (A,B) and of the starting
transient when the
spermatozoon was swimming
freely (C) are shown. (D,E)
Flagella showing continuous
beating under high-viscosity
condition (D, head attached; E,
swimming freely). Video
frames at intervals of 33 ms in
series were aligned from left to
right. In A, B and C, the first
frame shows the rigor waves. A
10 ms ultraviolet pulse was
introduced at the second frame,
and subsequent reactivation is
shown in the following frames.
In B, straightened interbend
regions are indicated by open
arrows. Scale bars, 10µm.
waveforms in rigor axonemes are determined und
conditions of extremely low ATP concentration, where th
external viscous load has been shown to have little effec
waveform (Brokaw, 1975). As under conditions of norm
viscosity, reactivation in high-viscosity fluid was observe
after a time lag of 11–17 ms from the beginning of th
ultraviolet pulse, and all rigor bends in the axoneme we
propagated only towards the tip. This result suggests that
time lag before reactivation is not due to the external visco
load, but reflects the kinetics of the rate of activation. Wh
straightened rigor axonemes were rapidly reactivated un
the same viscosity condition, axonemes were often obser
to break at the base before the bends were formed (data
shown).

During the starting transient of reactivation under the hi
viscous load, quite different responses were observed betw
er
e

t on
al
d
e
re

 the
us

en
der
ved
 not

gh
een

the bend initiation and bend propagation processes. As sho
in Fig. 7A,B, at the starting phase of reactivation, th
undeveloped rigor bends began to change their form into tho
typical of steady-state beating under high-viscosity conditio
(Fig. 7D). In contrast to the undeveloped bends, the ful
developed rigor bends were repropagated with their pr
existing forms almost unchanged until they disappeared at t
tip of the axoneme.

Shear-curve plots during the starting transients also showed
different responses of rigor bends in proximal and distal regio
(Fig. 8A,B). The maximal shear angle on the proximal side 
undeveloped rigor bends, or in newly formed bends, gradua
increased to approximately 2–2.5 rad (indicated by open arro
in Fig. 8A,B), which is as high as the maximal shear ang
observed in steady-state beating under high-viscosity conditi
(Fig. 8C). In contrast, the maximal shear angles on both sides
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Fig. 8. Shear-curve transients obtained from
reactivated rigor-wave sea-urchin sperm flagella
under high-viscosity conditions (A,B). (C)
Curves obtained from a flagellum showing
continuous beating. In A and B, the shear
curves of the rigor wave are shown as thick
lines, corresponding to the thick traces on the
right. A series of shear curves (left) and traces
of the waveforms (right) after the reactivation
are shown using thin lines. In C, the shear curve
with a thick line corresponds to the trace with a
thick line on the right. Curves and traces at
intervals of 33 ms are shown with thin lines.
See text for further details.
the fully developed rigor bend remained almost constant until 
end of propagation (indicated by filled arrows in Fig. 8A,B
Straight interbend regions became wider (indicated by arrows
Fig. 7B) if the rapid reactivation was started from a rigor wa
with an undeveloped principal bend at the basal region. T
interbend region is represented as a flattened plateau of s
curves in Fig. 8B (filled arrows) and was not observed when 
rapid reactivation was started from a rigor axoneme with 
undeveloped reverse bend at the basal region (Figs 7A, 8A).

Although these results were obtained from demembrana
sperm flagella whose heads were firmly attached to a g
slide, the starting transients of freely swimming flagella we
observed to be essentially similar (Fig. 7C, starting transie
Fig. 7E, steady-state beating).

Discussion
Caged ATP was used to examine how bends were initia
the
).
 in

ve
his
hear
the
an

ted
lass
re
nt;

ted

and propagated in sea-urchin sperm flagella in a state of rig
The advantage of using caged ATP is that the whole length
the flagellar axoneme can be simultaneously influenced by
rapid and homogeneous increase in ATP concentration, a
dynein ATPase activity is expected to be initiated in 
synchronized manner, even in a high-viscosity solution. Th
enabled us to examine the relationship between dynein ATPa
cycling and the initiation of tubule sliding. The waveforms
after photolysis of caged ATP were essentially the same 
those observed when the axonemes were slowly reactivated
perfusion with an ATP-containing solution (Gibbons and
Gibbons, 1974a; Goldstein, 1979).

Upon rapid reactivation by photolysis of caged ATP, th
maximal rate of angular change, which corresponds to t
maximal velocity of tubule sliding in the axoneme, reached 
plateau value within 28 ms of the beginning of the ultraviole
pulse when the estimated maximal ATP concentration w
0.8 mmol l−1 (Fig. 6). This rate of onset of the power-stroke o
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Fig. 9. Estimation of the increasing concentration of active dynei
the axoneme. (A) A kinetic scheme of the elementary steps of dy
ATPase (Johnson, 1985). (B,C) Simulation of the increase
[dynein-ATP] (step 2), [dynein-ADP-Pi] (step 3) and [dynein-ADP]
(step 4) after the photolysis of 2 mmol l−1 (B) and 200µmol l−1 (C)
caged ATP. Rate constants, K10=4 s−1 l µmol−1, K11=0.15 s−1,
K20=50 s−1, K21=3 s−1, K30=70 s−1, K31=8000 s−1 and
K41=0.015 s−1 l µmol−1 were used. A rate constant of 200 s−1 was
used for K40, given the increase in the rate of ADP release fr
dynein in the presence of microtubules. The time course of 
increase in the concentration of photoreleased ATP (Fig. 2) was 
for the calculation. The time courses of the increase in the meas
sliding velocity (taken from Fig. 6) are expressed as half-tone p
All the curves are normalized by putting the value at t=100 ms to 1.0.
dynein is much slower than the rate expected from the hi
frequency (>300 Hz) nanometre-scale oscillation of flagel
axonemes observed by Kamimura and Kamiya (1989, 199
the mechanism of which has yet to be clarified.
gh-
lar
2),

On the basis of the reported kinetics of dynein ATPas
(Johnson, 1985), the increase in sliding velocity after the rap
application of ATP is assumed to reflect the presteady-sta
dynein activity together with the start of a new cycle of ATP
hydrolysis. Under load-balanced condition, i.e. when the forc
exerted by dynein is always balanced by a viscous or elas
load, the observed velocity of tubule sliding should be
proportional to the sliding force. If this is the case in our
experiments, and the force exerted by the axoneme is assum
to be proportional to the population of active dynein arms, w
can estimate a kinetic rate related to the power stroke from t
time course of the increasing velocity of tubule sliding. By
employing the kinetic rates reported previously from purified
Tetrahymena22S dynein ATPase (Johnson, 1983; Porter an
Johnson, 1983; Holzbaur and Johnson, 1989a), we calculated
how the concentrations of dynein-ATP, dynein-ADP-Pi and
dynein-ADP changed. The calculation was carried out takin
into account the time course of the increase in ATP
concentration (Fig. 2). As shown in Fig. 9B, the estimated tim
course of the increase in concentration of dynein-ADP-Pi and
dynein-ADP fitted well with the data obtained if the rate
constant of ADP release from dynein is increased t
approximately 200 s−1, the rate previously reported from
biochemical analyses in the presence of microtubules (Omo
and Johnson, 1986; Holzbaur and Johnson, 1989b; Shimizu et
al. 1989). The time course obtained at a lower concentratio
of ATP (Fig. 9C, squares) also fitted well with the estimated
time courses of [dynein-ADP-Pi] and [dynein-ADP] when the
rate of ADP release from dynein was also accelerated. This
the first estimation of the kinetics of force generation by dynei
in situ.

There are, however, several possibilities that would lead t
an over- or underestimate of the rate of increase in the numb
of active dynein arms. First, the rate would be overestimate
if tubule sliding occurred under conditions of low loading,
where sliding velocity could reach a plateau earlier with a
lower number of active dynein arms since velocity is assume
to reflect the intrinsic stroke rate of dynein itself and not to
correspond to the magnitude of exerted forces. In addition
caged ATP has been reported to be a competitive inhibitor 
ATP-driven sliding of actomyosin (Thirlwell et al. 1995) and
kinesin (Higuchi et al.1997). In our preliminary experiments,
caged ATP was shown to lower the beat frequency o
reactivated flagella, with an estimated inhibition constant o
1.0–1.4 mmol l−1 (data not shown), and this inhibitory effect of
caged ATP could lead to an underestimation of the rate. Fro
the kinetic analysis of the dynein ATPase pathway, a chang
in conformation is thought to occur during the dynein-ADP
state (Holzbaur and Johnson, 1989a). However, dynein-ADP-
Pi is believed to be a state with a conformation different from
that of nucleotide-free dynein (Inaba and Mohri, 1989). Furthe
detailed physiological investigations are required to determin
the exact correlation between the intermediate kinetics an
force generation by dynein.

After rapid application of ATP, flagella started to propagate
the remaining rigor bends towards the tip, as in steady-sta

n in
nein
 in

om
the

used
ured

lots.
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beating. This result suggested that the profiles of the active
inactive sites of microtubule sliding in the axoneme we
conserved, even during complete depletion of ATP, and co
be reinstated during the initial turnover cycle of ATP. 
contrast to the rapid reinstatement in rigor-wave axonem
slower transients of reactivation were observed in complet
straightened rigor axonemes (Fig. 5A). After the ultraviol
pulse, a large principal bend at the distal region and a sm
reverse bend at the proximal region were formed gradually
first. These bends were not propagated until the reverse b
was fully developed at the basal region. During the format
of these bends, tubule slidings of opposite direction we
thought to occur concomitantly at the proximal and the dis
regions. A similar starting transient was reported f
straightened live sperm flagella activated by a sudden incre
in extracellular pH (Goldstein, 1979).

From our data, the velocity of sliding during the initial ben
formation was much slower (approximately 50 rad s−1) than
that after bend propagation had started (approximat
220 rad s−1). This result indicates that the existence 
remaining bends in the rigor axonemes is important for 
fluent reactivation of tubule sliding after the rapid applicatio
of ATP. A rapid increase in sliding velocity was observe
when only a small bend (<1 rad) existed in the rigor axonem
(Fig. 5B).

The observation of wave propagation of such small ben
also showed how pre-existing bends are conserved during
starting transients of reactivation. Although the bend ang
and maximal shear angles in these cases were much sm
than those in steady-state beating, they remained alm
constant during propagation. Thus, the bend angles 
maximal shear angles of distal bends were predominan
affected by those of pre-existing rigor bends. This was clea
observed when the rapid reactivation was triggered in hi
viscosity solution, where the new bends forming aft
reactivation were completely different from the pre-existin
rigor bends. As shown in Fig. 8, in the distal region of t
axoneme, additional tubule shearing did not occur beyond
maximal shear amplitude of pre-existing rigor waves ev
under conditions where the shear amplitude could be increa
by viscous load. These data also suggested different respo
to external viscous load between bend initiation and be
propagation mechanisms. The propagation of a constant b
angle has also been observed in live starfish sperm flage
when the development of bending in the proximal region w
artificially restricted by glass needles (Okuno and Hiramo
1976).

It is possible that the viscous bending moment is act
predominantly on the proximal region of the axoneme, and t
causes the enhanced responses of the proximal region to
viscous load. Although we calculated the bending moment
reactivating axonemes on the basis of resistive force the
(Gray and Hancock, 1955; Baba and Hiramoto, 1970), 
found little correlation between the magnitude of the bend
moment and the waveform. Rather than using calculatio
based on resistive force theory, detailed calculations us
 and
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stokeslet flow-fields (Lighthill, 1996) or boundary elemen
methods (Ramia et al.1993; Goto et al.1997) may be required
to obtain further insight into the hydrodynamic aspects 
flagellar bending.

We used the photolysis of caged ATP to examine the init
transients of rapid reactivation and indirectly monitored th
increase in sliding velocity from angular changes in th
axonemes. This enabled us to detect the minute shear of tub
below the level of optical resolution (<200 nm) during th
starting transients. This technique could be used 
combination with nanometre-scale detecting metho
(Kamimura, 1987) to examine other simple system of motili
and to gain greater insight into the chemo-mechanical coupl
of dynein.
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